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-Carnitine is a physiological cellular constituent that favors intracellular fatty acid transport, whose role on platelet function and O 2 free radicals has not been fully investigated. The aim of this study was to seek whether carnitine interferes with arachidonic acid metabolism and platelet function. Carnitine (10-50 M) was able to dose dependently inhibit arachidonic acid incorporation into platelet phospholipids and agonist-induced arachidonic acid release. Incubation of platelets with carnitine dose dependently inhibited collagen-induced platelet aggregation, thromboxane A2 formation, and Ca 2ϩ mobilization, without affecting phospholipase A2 activation. Furthermore, carnitine inhibited platelet superoxide anion (O 2 Ϫ ) formation elicited by arachidonic acid and collagen. To explore the underlying mechanism, arachidonic acid-stimulated platelets were incubated with NADPH. This study showed an enhanced platelet O 2 Ϫ formation, suggesting a role for NADPH oxidase in arachidonic acid-mediated platelet O 2 Ϫ production. Incubation of platelets with carnitine significantly reduced arachidonic acid-mediated NADPH oxidase activation. Moreover, the activation of protein kinase C was inhibited by 50 M carnitine. This study shows that carnitine inhibits arachidonic acid accumulation into platelet phospholipids and in turn platelet function and arachidonic acid release elicited by platelet agonists.
oxygen free radicals CARNITINE is a small water-soluble molecule that plays an important role in membrane phospholipid fatty acid turnover (4, 37) . This molecule is essential for oxidation of fatty acids, which occurs via translocation of long-chain acyl carnitine-CoA into the mitochondrial matrix where acyl-carnitines are reconverted to the respective acyl-CoAs (18) (19) (20) 26) . For this reason, carnitine plays a crucial role in muscle function, as suggested by the association between intracellular levels and heart failure (27, 37) . However, the role played by carnitine on fatty acid turnover could elicit other biological effects on cell function. Among the fatty acids, arachidonic acid (AA) has a key role in the activation of platelets (5) inasmuch as it is converted to the potent vasoconstrictor and aggregating agent thromboxane A 2 by the cycloxygenase enzyme (5) . AA metabolism activation plays also an important role in the formation of oxygen free radicals likely via stimulation of NADPH oxidase (14) . Oxygen free radicals, which include superoxide anion (O 2 Ϫ ), hydroxyl radical, and other oxygen species, such as singlet oxygen, are highly reactive substances that react with lipids, proteins, and DNA, provoking irreversible changes of their biomolecular structure (16) . There is a growing body of evidence that oxygen free radicals are produced by platelets, leukocytes, and endothelial cells (13, 16, 30, 40) , where they may exert different functions. Thus they are intermediate metabolites of several enzymatic reactions, are involved in the posttranslational protein turnover and play a role on the control of signal transduction (13) . Overproduction of oxygen free radicals may have important pathophysiological implications. Production of oxygen free radicals by macrophages, endothelial cells, and platelets is important in favoring low-density lipoprotein oxidation, and, in turn, low-density lipoprotein accumulation within the vessel wall; this sequence of events seems to be crucial for initiation and progression of atherosclerosis (17) .
Because carnitine acts by reacting with fatty acids giving formation of carnitine-arachidonyl-CoA, we speculated that this mechanism could influence platelet function via interference with AA metabolism. We report for the first time that carnitine affects AA metabolism, and, in turn, platelet activation and oxidative stress.
MATERIALS AND METHODS
Platelet preparation. Blood mixed with 0.13 mM sodium citrate (ratio 9:1) was collected from healthy volunteers (nonsmokers) who had not ingested any drugs known to interfere with platelet function for at least 15 days and had fasted for at least 12 h. All participants gave informed consent. Platelets were separated from plasma and suspended in Ca 2ϩ -free Tyrode buffer containing 0.2% bovine serum albumin, 5 mM glucose, and 10 mM HEPES (pH 7.35), according to our previous study (28) .
[ 14 C]AA incorporation into phospholipids. The AA metabolism was studied by prelabeling with [
14 C]AA and activating platelets treated with or without L-propionyl carnitine (LPC) (25-50 M, 30 min, 37°C) (generously provided by Sigma Tau) with collagen, AA, or thrombin (2 min, 37°C) as above described (28) . Lipid extraction was performed as described by Folch et al. (10) .
Separation of the individual phospholipids was performed according to the method described by Holub et al. (15) using a one-dimensional thin-layer chromatographic system with Merck silica gel plates.
The solvent system consisted of chloroform-methanol-acetic acid-water (50:37.5:3.5:2 vol/vol/vol/vol). The R f value of phospholipid classes corresponded with those of standard phospholipids. Phospholipid identities were further determined with the use of ninhydrin and molybdenum blue.
Distribution of AA and the amount of labeled AA were determined by autoradiography; X-ray film (Kodak X-Omat AR) was placed on the top of the plate and exposed for 7 days. The developed spots were calculated by densitometric analysis on a NIH Image 1.62f analyzer, and the amount of incorporated [ 14 C]AA in each lane was determined by dividing the area of each spot by the same area of control unstimulated phospholipid lane; the value was expressed as a ratio of incorporation.
AA release. [ 14 C]AA release was studied by prelabeling the platelets with [ 14 C]AA, as previously described (28) . Briefly, samples of [ 14 C]AA-labeled platelets were preincubated with or without LPC (10-50 M) and then stimulated with AA (0.5 mM), collagen (2 g/ml), or thrombin (0.1 U/ml). After 1 min, the reaction was stopped by adding a solution containing 5 mmol/l EDTA, 5 mmol/l theophylline, and 0.2 g/ml prostaglandin E 1. After centrifugation for 3 min at 5,000 g, the percentage of [ 14 C]AA released into the supernatant was determined by liquid scintillation counting of 100-l aliquots.
In vitro aggregation tests. In vitro maximal percentage of platelet aggregation was evaluated according to our previous study (29) . AA (0.5-2 mM), collagen (2 g/ml), and thrombin (0.1 U/ml) were used as agonists; platelets (2 ϫ 10 8 /ml) were preincubated with or without the addition of LPC (10-50 M) (30 min 37°C) before the activation. The lag phase of the aggregation induced by collagen (2 g/ml) was also evaluated.
Production of thromboxane A 2. Platelets (2 ϫ 10 8 /ml) were preincubated with or without LPC (10-50 M) (30 min 37°C) and then activated with AA (0.5 mM), collagen (2 g/ml), or thrombin (0.1 U/ml); the reaction was stopped after 3 min with indomethacin (14 M). Thromboxane A 2 production was determined with the use of thromboxane B2 ELISA assay kits (28) (Boehringer-Mannheim; Mannheim, Germany).
Platelet cytosolic Ca 2ϩ concentrations. Calcium measurements were performed using the fluorescent indicator dye fura 2 according to the method of Grynkievicz et al. (12) . The platelet suspension (2 ϫ 10 8 /ml) preincubated with or without LPC (10-50 M) (30 min at 37°C) was activated with AA (0.5 mM), collagen (2 g/ml), or thrombin (0.1 U/ml). The fluorescence changes were then monitored with a fluorimeter (model SFM 25, Kontron; Zurich, Switzerland) set at 340-nm excitation and 510-nm emission.
Detection of O 2 Ϫ released by platelet suspensions and platelet lysates. O 2 Ϫ produced by platelets was measured by using lucigenin chemiluminescence and dihydroethidium cytofluorimetric analysis. The chemiluminescence of lucigenin was detected with a luminometer (Bio-Orbit 1251). The chemical specificity of this light-yielding reaction for O 2 Ϫ was reported by Freedman et al. (11) . This method was questioned by Liochev et al. (24) , but Afanas'ev et al. (1) documented its validity. Because platelets express endothelial nitric oxide (NO) synthase and collagen is able to induce NO formation (31), a control experiment was performed in the presence of the endothelial NO synthase inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 200 M) to prevent NO synthesis from impairing O 2 Ϫ detection by lucigenin, as suggested by Vasquez-Vivar et al. (38) . Moreover, superoxide dismutase (300 U/ml) was used to determine the lucigenin specificity of O 2 Ϫ detection (23) . Platelets (5 ϫ 10 8 /ml) were incubated with or without LPC (10-25-50 M 30 min 37°C) and in some experiments with the protein kinase C (PKC) inhibitor RO-31-8220 (10 M 10 min 37°C), and then stimulated with collagen 4 g/ml or AA 0.5 mM. Each sample was added with 0.25 mmol/l lucigenin, the chemiluminescence obtained at the third minute was measured and O 2 Ϫ production was expressed as nanomoles of O 2 Ϫ /10 8 cells min (23) . Samples containing lucigenin plus components (with the exception of platelets) were counted, and these blank values were subtracted from the chemiluminescence signals obtained from platelets stimulated with collagen or AA with and without addition of LPC.
Measurement of platelets NADPH oxidase activity was performed in platelet homogenates, according to the method of Seno et al. (34) . Washed platelets were suspended in buffer containing (in mM) 50 Tris ⅐ HCl (pH 7.4), 1.0 EDTA, 2.0 leupeptin, and 2.0 pepsatin A, and then homogenized. Platelet homogenates were incubated 10 min 37°C with 25 M NADPH and added with or without 50 M LPC. The assay solution contained 400 l Tyrode buffer and 0.25 mmol/l lucigenin. After preincubation at 37°C for 3 min, the reaction was started by the addition of 100 l of platelet homogenates in presence or less of AA 0.5 mM.
The chemiluminescent signal was expressed as relative light units for an average time of 10 min and corrected by protein concentration (in relative light units per milligram). Protein concentrations were determined by the method of Lowry (25) .
The reaction of LPC with O 2 Ϫ was studied in vitro by generating superoxide through pyrogallol autooxidation system. The reaction mixture contained 100 M pyrogallol, 500 M diethylenetriaminepentacetic acid, and 0.1 M catalase in 50 mM Tris-cacodilate buffer pH 8.2. The rate of pyrogallol autooxidation was monitored at 420 nm at 37°C. LPC was used at concentrations from 5 to 50 M.
To further analyze O 2 Ϫ production, we performed a cytofluorimetric experiment using dihydroetidium as a probe (3, 35) . Platelet suspension was added with dihydrothidium (HE) (160 mol/l final concentration) according to Rothe et al. (32) , incubated with or without LPC (10-50 M 30 min 37°C), and stimulated with collagen 4 g/ml or AA 0.5 mM. The reaction was stopped after 3 min with EGTA 2 mmol/l. Samples were analyzed on a flow cytometer (model XL-MCL, Coulter; Hialeah, FL) equipped with a 480-nm emission argon laser. The flow cytometer was set up to measure logarithmic forward light scatter, which is a measure of particle size, logarithmic 90°light scatter, which is a measure of cell granularity and red (HE) 590-700 nm fluorescence (LFL1).
The fluorescent signal generated by the probe was expressed as the stimulation index (mean channel fluorescence intensity of stimulated platelets/mean channel fluorescence intensity of unstimulated platelets).
Phosphorylation of platelet proteins. The platelet suspensions (2 ϫ 10 8 /ml) were incubated for 1 h at 37°C with 32 Pi (2 mCi/ml of cell suspension), separated from plasma proteins and from excess of 32 Pi by centrifugation, and suspended in Tyrode buffer containing 0.2% bovine serum albumin, 5 mM glucose, and 10 mM HEPES (pH 7.35).
[ 32 P]-labeled platelets were preincubated with or without LPC (10-50 M) (30 min 37°C) and then stimulated with AA (0.5 mM) or collagen (4 g/ml); the reaction was stopped by addition of an equal volume of twice concentrate Laemmli buffer, followed by incubation at 95°C for 5 min.
Protein samples were analyzed by 12% SDS-PAGE for Western blotting, and proteins were electrotransferred to nitrocellulose membranes.
Immunoblotting was performed with antibody raised against phospholipase A 2 (PLA2). Immune complexes were detected by enhanced chemiluminescence. The rate of PLA2 and PKC (expressed as phosphorylation of 47-kDa PKCspecific substrate) phosphorylation was analyzed by autoradiography. The developed spots were calculated by densitometric analysis on a NIH Image 1.62f analyzer, the amount of phosphorylation was determined by dividing the areas of the phosphorylated spots of stimulated platelets by the area of control unstimulated platelets; the value was expressed as ratio of phosphorylation.
Statistical analysis. The results were expressed as means Ϯ SE. Multiple comparisons among different groups were performed by one-way ANOVA, followed by the Bonferroni test for multiple comparisons. P levels Ͻ0.05 were considered significant. All calculations were made with statistical analysis software (StatView II, Abacus Concepts; Berkley, CA).
RESULTS

[ 14 C]AA incorporation into phospholipids. [
14 C]AA incorporation into phospholipids after 1 h of incubation was distributed in phosphatidyl inositol (30%), phosphatidyl choline (41%), and phosphatidyl ethanolamine (27%). No effect of LPC (30 min 37°C) was observed in unstimulated platelets.
Platelet preincubation with LPC 25-50 M (30 min 37°C) dose dependently reduced the amount of AA incorporated into phosphatidyl inositol, phosphatidyl ethanolamine, and phosphatidyl choline in either 4 g/ml collagen or 0.5 mM AA or 0.1 U/ml thrombinstimulated platelets (Fig. 1, A-C , and Table 1) .
Platelet aggregation. LPC inhibited collagen and AAinduced platelet aggregation depending on the concentration used. LPC (10 and 25 M) induced only a partial inhibition of platelet aggregation, whereas 50 M LPC reduced by ϳ50% the maximal percentage of 
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Ϫ PRODUCTION platelet aggregation. This effect seemed to be specific for collagen and AA because no change was observed with 0.1 U/ml of thrombin ( (Fig. 2) Thromboxane A 2 production. Collagen and AA-induced thromboxane A 2 formation was dose dependently inhibited by LPC (Table 2) .
Changes in intracellular Ca 2ϩ concentration. In samples stimulated with either collagen (2 g/ml) or AA (0.5 mM) LPC inhibited dose dependently intracellular Ca 2ϩ mobilization, whereas no changes were observed in 0.1 U/ml thrombin-stimulated platelets (Table 2) .
O 2 Ϫ production. O 2 Ϫ production in response to collagen (4 g/ml) or AA (0.5 mM) was analyzed by luminometer and cytofluorimetric method. A detectable amount of O 2 Ϫ was observed in either collagen or AAstimulated platelets that were inhibited in a dosedependent fashion by LPC (Fig. 3, A and B) . AAinduced O 2 Ϫ production was significantly reduced by the PKC inhibitor RO-31-8220 (10 M) (Fig. 4) . No effect of thrombin (0.1 U/ml) was observed on platelet O 2 Ϫ release (data not shown). No differences in collagen or AA-induced O 2 Ϫ production were observed in samples treated with or without 200 M L-NAME, whereas superoxide dismutase (300 U/ml) almost completely Fig. 3 . Effect of LPC on platelet O 2 Ϫ production. O 2 Ϫ production estimated by lucigenin method (A) and dihydroethidium probe (B) 3 min after stimulation with 4 g/ml collagen and 0.5 mM AA in platelets incubated with or without 10-50 M LPC. *P Ͻ 0.05; **P Ͻ 0.01, data are expressed as means Ϯ SE of five experiments. suppressed O 2 Ϫ production (data not shown). The specificity of dihydroethidium probe was analyzed by adding the NO donor sodium nitroprusside (1 mM) that significantly reduced HE fluorescence as a consequence of O 2 Ϫ subtraction to NOO Ϫ formation (data not shown). The rate of pyrogallol auto-oxidation was unaffected even at the highest LPC concentration (data not shown).
When AA was added with NADPH, a significant increase of O 2 Ϫ was observed compared with control: LPC (50 M) significantly decreased AA-mediated O 2 Ϫ formation (Fig. 5) .
Phosphorylation of platelet proteins. We incubated platelet suspension with two concentrations (25-50 M) of LPC and analyzed the PLA 2 activation by its phosphorylation in response to collagen 2 g/ml or AA 0.5 mM; only 50 M LPC slightly affected PLA 2 phosphorylation induced by collagen or AA (Fig. 6, Table 3 ). Conversely, 50 M LPC strongly inhibited both collagen-and AA-mediated PKC activation (Fig. 7, Table 3 ).
DISCUSSION
This study shows for the first time that carnitine plays a role in modulating platelet function by interfering with the metabolism of AA. Thus we demonstrated that carnitine reduced incorporation of AA into platelet phospholipids, an effect that is likely dependent upon the central mechanism of action of carnitine (20) . In fact, this molecule can react with AA, giving formation of carnitine-arachidonyl-CoA, which, in turn, is degraded by acyl-CoA-hydrolase (2, 20) .
This phenomenon was particularly evident when free AA increased as a consequence of platelet activation. However, inhibition of AA incorporation into platelet phospholipids was less evident with thrombin likely because of the moderate implication of AA in the pathway of thrombin-stimulated platelets (20) . Conversely, carnitine was not able to reduce AA incorporation in resting platelets likely because the concentration of free AA in resting cells is low. (6) .
It seems possible to exclude a direct action of carnitine on PLA 2 that cleaves AA from sn-2-position of phospholipids through an 85-kDa calcium-dependent PLA 2 (5, 21, 22, 33) . Thus coincubation of collagenstimulated platelets with carnitine reduced platelet AA release but did not significantly affect the activation of PLA 2 even at the highest concentration of carnitine used.
The inhibition of AA incorporation into platelet phospholipids is likely to play a pivotal role on changes of platelet function elicited by carnitine. Thus we observed that carnitine induced a significant inhibition of both collagen-induced platelet aggregation and thromboxane A 2 formation, two phenomena attributable to a reduced availability of AA into platelet phospholipids. A reduced but less evident incorporation of AA into phospholipids was also elicited by carnitine in thrombin-stimulated platelets. This lower effect is in accord with the minor role of AA in thrombin-stimulated platelets and likely account for the insignificant functional changes observed in thrombin-stimulated platelets treated with carnitine. This finding is in accordance with Triggiani et al. (36) , who found no effect of carnitine on thrombin-induced platelet activation.
Previous studies (16, 23, 30) demonstrated that on stimulation platelets produced oxygen free radicals; however, the mechanism has not been fully elucidated. However, AA metabolism activation could play an important role as aspirin, an inhibitor of cycloxygenase enzyme, and AACOCF 3 (arachidonyl trifluoromethyl ketone), a potent inhibitor of PLA 2 , inhibited and completely suppressed, respectively, the formation of phox , have been found in platelets (34) . Our data underscored an important role for NADPH oxidase in the AA-mediated platelet O 2 Ϫ production, as coincubation of this enzymatic substrate with AA significantly enhanced platelet O 2 Ϫ production. Carnitine was able to interfere with platelet oxidative stress because it inhibited dose dependently AA-induced O 2 Ϫ formation. This effect could be explained by the reduced availability of platelet AA, and, in turn, of NADPH oxidase activation; accordingly, carnitine significantly inhibited AA-mediated NADPH oxidase activation.
To explore the mechanism by which carnitine inhibited this system, we investigated whether carnitine influenced the activation of PKC, an enzyme that is known to stimulate NADH/NADPH oxidase (14) and demonstrated that carnitine dose dependently inhibited PKC activation.
The inhibition of platelet O 2 Ϫ production by carnitine may be of biological and clinical relevance due to the key role played by O 2 Ϫ in inactivating NO (39), a potent vasodilator and antiaggregating substance produced by endothelial cell. O 2 Ϫ is able to rapidly convert NO to ONOO Ϫ , a dangerous oxidant species. Also, inhibition of O 2 Ϫ by carnitine could further contribute to inhibiting platelet aggregation because of the role played by oxygen free radicals in modulating phospholipase C pathway (28) . This suggestion may be supported by demonstrating that carnitine reduced calcium mobilization, which occurs upon thromboxane-dependent phospholipase C activation (7) .
Taken together, these data suggest that carnitine may represent an important agent that modulates platelet function and oxidative stress via inhibition of AA incorporation into platelet phospholipids. This could lead to hypothesize a role for this molecule in pathological settings such as heart failure or atherosclerotic disorders associated with enhanced oxidative stress; this suggestion, however, needs to be verified in future study.
In conclusion, we demonstrated that carnitine is an important modulator of intracellular fatty acid transport that inhibits incorporation of AA into platelet phospholipids. This mechanism elicited a series of functional changes such as inhibition of platelet function and reduced oxidative stress likely via interfer- Fig. 7 . Effect of LPC on PKC-dependent protein phosphorylation. Proteins electrophoresed by SDS-PAGE; collagen (2 g/ml) and AA (0.5 mM) stimulated platelets treated with or without LPC (10-50 M). A representative example of five experiments performed is shown. Fig. 8 . Diagram showing the effect of carnitine on AA metabolism. Owing to platelet activation PLA2 and PLC induce a release of AA from phospholipids that was shifted by carnitine from its physiological activation pathways. As a consequence, thromboxane formation and NADPH oxidase system activation are both inhibited, and, in turn, platelet activation is negatively modulated.
ence with PKC-mediated NADPH oxidation system (Fig. 8) . This finding might give new insight to understanding the mechanism leading to enhanced oxidative stress in human pathology.
